INHIBITION OF VIRAL GENE ACTIVITIES 
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Serial No. 08/968,239 filed November 12, 1997 which is 
incorporated by reference herein. 
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Not applicable. 



BACKGROUND 



[0002] The Epstein-Barr virus (EBV) infects human B- 

lymphocytes and usually establishes a latent infection in 
them. In vivo and in vitro, the latently infected cells 
are induced to proliferate. Interestingly, the viral 
genome is maintained in these cells as a plasmid which is 
both replicated conservatively during S-phase and 
maintained efficiently at a stable copy number (1, 2, 3, 
4) . Only one of the latent viral gene products, EBNA1, 
and a small (1.8 kbp) cis-acting element (oriP) are 
required to recapitulate faithful plasmid replication in 
human and some other cells (5, 6, 7). Replication of 
oriP plasmids provides a useful model for studying 
control of initiation of replication, segregation of 
replicated DNAs, and maintenance of those DNAs in the 
mammalian nucleus. 

[0003] Dimers of EBNA1 bind specifically to degenerate, 20 

bp-sequences of DNA (8). The carboxy-terminal one-third 
of EBNA1 contains the residues sufficient for both 



dimerization and DNA-binding (Fig. 1) (9, 10, 11, 12) . 
(By "dimerization of EBNA1" we refer to protein : protein 
interactions between the DNA-binding domain of EBNA1, and 
not to protein : protein interactions between linking 
domains.) The EBV genome contains twenty-six identified 
sites to which EBNA1 binds (13) . Twenty-four of these 
sites are within two clusters which comprise oriP (5) . 
Twenty sites with a high affinity for EBNA1 are embedded 
within a series of 30 bp repeats, termed the family of 
repeats (FR). The dyad symmetry element (DS), which is 
located 1 kbp away from FR contains four binding-sites 
for EBNA1 with lower affinity than those in FR, two of 
which are part of a 65 base pair dyad (5, 14, 8, 15, 29) . 
The DS is required for replication of oriP and is the 
site at which or close to which DNA synthesis initiates 
(Gahn and Schildkraut, 198 9) . EBNA1 , when bound to FR, 
can activate transcription of two viral promoters, one of 
which is ten kbp away (16, 17, 18) . The ability of EBNA1 
to bind to DNA is essential for its activation of 
replication and transcription through oriP (19, 20). 
[0004] In addition to binding to FR and DS, EBNA1 can also 

link them, forming a loop of the intervening DNA (21, 
22) . Activities of EBNA1 other than DNA-binding and DNA- 
linking have not been identified. EBNA1 purified from 
insect and mammalian cells lacks detectable helicase or 
ATPase activity (23, 24). EBNA1 ' s apparent lack of 
enzymatic activities led several labs to search for 
proteins with which EBNA1 can interact. No candidates 



-2- 



MKE:5021254.1 



that obviously contribute to the function of EBNAl have 
been identified. 

[0005] One study demonstrated that no small deletion within 

EBNAl, other than those which affect DNA-binding, 
abrogates the ability of EBNAl to activate transcription 
or replication (19) . The authors interpreted this 
finding to indicate that EBNAl contains redundant 
activating domains. The linking domains of EBNAl are 
redundant and therefore are reasonable candidates for its 
activating domains. Findings in another study, which 
show a correlation between the presence of linking 
domains and the activity of derivatives of EBNAl, support 
this contention (25) . 

SUMMARY OF THE INVENTION 

[0006] In one embodiment, the present invention is a method 

of inhibiting or diminishing viral infection. Most 
preferably, this method comprises the step of delivering 
an effective amount of an inhibitor of a viral 
looping/linking factor to an infected patient, wherein 
the viral looping/linking factor is derived from the same 
virus as the infecting virus. 

[0007] In a most preferred form of the method, the viral 

infection is Epstein Barr Virus infection. In another 
preferred form of the invention, the viral infection is 
selected from the group consisting of Epstein Barr Virus, 
Human Papilloma Virus, and Herpes Simplex Virus 
infection . 
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[0008] In a preferred embodiment, the inhibitor is a 

peptide. Preferably, if one wishes to inhibit or 
diminish EBV infection, the peptide comprises EBNA1 
residues 40-89 or 331-391. Most preferably, the peptide 
comprises EBNA1 residues 54-89, 331-361 or 372-391. The 
inhibitor may also comprise a small molecule, such as 
peptidomimetics, identified in a high through-put screen. 

[0009] In another embodiment, the present invention is a 

method of screening for viral inhibitors comprising the 
step of determining whether a candidate molecule inhibits 
protein : protein linking of a viral looping/linking 
factor. In a most preferable form, the assay is either a 
gel shift assay or a promoter activation assay, both 
described in detail below. 

[0010] In another embodiment, the present invention is a 

method of modulating protein : protein interactions 
comprising the step of exposing a cellular 

looping/linking factor to an inhibitor. Preferably, the 
cellular looping/linking factor is selected from the 
group consisting of Spl, NtrC, n and Pit-1. 

[0011] It is a object of the present invention to diminish 

viral infection in an infected patient. 

[0012] It is another object of the present invention to 

disrupt the action of the action of viral looping/linking 
factors . 

[0013] It is another object of the present invention to 

disrupt cellular looping/linking factors. 
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[0014] Other objects, features and advantages of the 

present invention will become apparent after review of 
the specification, claims and drawings. 

DESCRIPTION OF THE DRAWINGS 

[0015] Fig. 1 is a schematic representation of EBNA1 and 

its derivatives used in the Examples. 

[0016] Fig. 2A and B are graphs comparing the percentage of 

the maximum linked by GAL 4 (1-94) & 54-89 (Fig. 2A) or 
NA360 (Fig. 2B) in the presence of competitors. 

[0017] Fig. 3A, B and C demonstrates that fragments of 

EBNA1 containing linking domains can inhibit DNA-linking 
by NA360. Fig. 3A is a scan of electrophoretic gel 
demonstrating a gel shift assay. Fig. 3B is a plot of 
the percentage linked of maximum versus concentration of 
amino acid 331-391 and of the % DNA bound by amino acid 
331-391 alone. Fig. 3C is a graph of the percentage 
linked of maximum versus concentration of amino acid 40- 
89 and of the % DNA bound by amino acids 40-89 alone. 

DESCRIPTION OF THE INVENTION 



1 . In General 

[0018] EBNA1 can form intramolecular loops between FR and 

DS and can also intermolecularly link DNAs to which it 
binds (21, 22, 24, 26, 27, 28) . We have studied linking 
primarily in electrophoretic mobility shift assays (gel 
shifts) (28). Multiple derivatives of EBNA1 behave 
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similarly in gel shift assays and three other described 
linking assays (26, 28). 
[0019] In a gel shift assay, DNAs linked by EBNAl do not 

migrate appreciably into a 4% polyacrylamide gel. The 
efficiency with which a DNA is incorporated into a linked 
complex increases with the number of EBNAl-binding sites 
it contains, but linking of DNAs containing only one site 
can be detected. 

[0020] We have identified three regions of EBNAl, amino 

acids 54-89, 331-361, and 372-391, which mediate DNA- 
linking. When fused to the dimerization and DNA-binding 
domain of GAL4 these fragments of EBNAl mediate linking 
of DNAs containing five GAL4-binding sites. We also 
observed that increasing concentrations of linking 
protein decrease the efficiency of linking. This 
phenomenon, reminiscent of dissolution of 
antibody : antigen complexes by excess antigen, indicates 
that protein : protein interactions between the linking 
domains may underlie linking. We have tested this 
hypothesis . 

[0021] We have found that protein : protein interaction 

between linking domains can mediate linking. Because 
linking domains of EBNAl function when fused to the 
exogenous DNA-binding protein, GAL4, models in which a 
linking domain interacts specifically with a DNA-binding 
domain cannot be supported. Rather, linking is mediated 
by protein : protein interactions between the linking 
domains themselves. 
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[0022] The efficiency of DNA-linking mediated by EBNA1 

increases and then decreases as the concentration of 
EBNA1 increases relative to the DNA bound by it. 
Inhibition of linking is observed at concentrations of 
EBNA1 which are in excess relative to the EBNA1 bound to 
DNA site-specifically, but are far less than the total 
DNA in the reaction. This observation indicates that the 
inhibition of linking is mediated by protein : protein 
interactions. Also consistent with this interpretation 
are our findings that proteins which contain linking 
domains can efficiently inhibit DNA-linking and that 
peptides from EBNA1 which contain only linking domains 
can similarly inhibit linking. We also determined 
whether nucleic acids other than those bound site- 
specifically by EBNA1 are essential for linking, and they 
are not. These results demonstrate that EBNA1 can link 
DNAs by protein : protein interactions between its linking 
domains . 

[0023] The method of the present invention begins with our 

observation that the protein : protein linking that loops 
out intervening DNA is a more accessible antiviral target 
than the protein: DNA binding reaction between EBNA1 and 
DNA sites. We refer to the proteins that mediate this 
linking as a "viral looping/linking factor." 
Protein: protein linking can be inhibited without 
inhibiting the related protein: DNA binding. The Examples 
below describe inhibition of protein : protein linking by 
peptides containing the linking domain sequence. 

MKE:5021254.1 



[0024] Therefore, in one embodiment the present invention 

is a method of inhibition of viral replication by 
disruption of EBNA1 -mediated DNA-linking. In many cases, 
inhibition of viral replication equates with inhibition 
of tumor formation. The method comprises the step of 
delivering an effective amount of an EBNA1 linking 
inhibitor to the infected patient, thus disrupting EBNA1 
linking and viral replication. As the Examples below 
describe the residues of EBNA1 that mediate linking, one 
may design a very specific peptide inhibitor. 

[0025] In another embodiment, the present invention is a 

method of measuring inhibition of protein : protein linking 
as a means for screening for antiviral compounds. 

[0026] In another embodiment, the present invention is a 

method for inhibiting replication of other viruses which 
utilize linking/looping during the replication cycle. 

[0027] In another embodiment, the present invention is a 

method of modulating linking/looping activity in other 
cellular contexts. 

2 . Inhibition of EBV Replication 
[0028] Inhibitors of EBNA1 ' s DNA-linking functions will 

have clinical value because EBNA1 is the only EBV protein 
expressed in all diseased cells infected with EBV and is, 
therefore, a good candidate for antiviral therapy. The 
Examples below demonstrate specific peptides that can 
inhibit DNA-linking mediated by EBNA1 in vitro. For 
example, peptide inhibitors comprising the following 
amino acids of EBNA1 would be preferable inhibitors: 
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A.A.s 40-89, 331-391, 54-89, 331-361, and 372-391. 
However, we envision that other peptides and small 
molecules may also inhibit DNA linking by EBNA1 . The 
small molecules will most likely be peptidomimetics that 
mimic the action of EBNA1 residues described below. 
Because EBNA1 residues 40-89 and 331-391 are highly 
basic, we envision that the most successful competitive 
inhibitors will also be basic in charge. 

[0029] Applicants note that the amino acid residues of 

EBNA1 are numbered according to reference 15 (Baer, et 
al . , 1984, Nature 310:207-211). This reference is 
incorporated by reference as if fully set forth herein. 

[0030] Applicants envision that a preferable length of a 

peptide inhibitor will be between 18-22 amino acid 
residues in length, preferably 20 residues in length. 
However, we envision that both smaller and larger 
peptides will prove to be suitable. 

[0031] By "inhibition of DNA linking" we mean that the 

inhibitor has a Ki (defined below) of no more than twice 
that of the peptide inhibitors that we examine below 
(A. A. 40-89 and A. A. 331-391) at disrupting EBNA1 ' s 
linking activities. Preferably the K ± of the inhibitor is 
at most equivalent to that of the peptides described 
above . 

[0032] Applicants envision that one may wish to determine 

whether candidate inhibitor molecules are suitable for 
the present invention. 
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[0033] The Examples below disclose a gel shift assay as a 

typical method of determining whether a particular 
molecule inhibits DNA-linking by EBNA1 . Applicants 
envision a more direct method as follows: Proteins that 
activate transcription do not function unless they are in 
close proximity to the promoter. A promoter that is 
inactive without activation (minimal promoter) will be 
placed several kilobase pairs from binding sites for a 
transcriptional activator. 

[0034] We envision using binding sites for GAL 4 . Thus, we 

will use GAL4 fused to the activation domains of various 
transcription factors. 

[0035] Binding sites for EBNA1 will be juxtaposed to both 

the minimal promoter and to the binding sites for the 
transcription factor. DNA-linking of these sites by 
EBNA1 will bring the binding sites for the transcription 
factor in a position relative to the promoter which 
results in its activation. 

[0036] This scheme would be confounded if EBNA1 itself 

activated transcription. EBNA1 has been shown not to 
activate transcription in yeast, and activates 
transcription in mammalian cells only when at least six 
binding sites are present. 

[0037] The NA3 60 -derivative of EBNA1 described below can 

efficiently link DNA and will be tested for its ability 
to activate the promoter just described. If activation 
of the promoter is observed, peptides containing linking 
domains, which efficiently inhibit DNA-linking by NA360, 
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will be tested for their ability to disrupt this 
activation . 

[0038] This experimental system will be used to screen 

compounds for their ability to inhibit DNA-linking by 
EBNA1 . An advantage of conducting the screen in 
mammalian cells is that the mammalian cell system can 
control for toxicity and drug up-take. 

[0039] By the method of the present invention, one delivers 

an effective amount of a viral linking/looping inhibitor 
to an infected patient, thus diminishing or inhibiting 
viral infection. 

3 . Inhibitors of Other Viruses 
[0040] We envision that the method of the present invention 

will be equally suitable for inhibition of other viruses 
that rely on DNA looping/linking during replication. 
Specific examples of DNA looping/linking proteins which 
are required for viral replication are listed below in 
Table 1. 

TABLE 1 



Virus 


Linking 
Protein 


Ref erence/De script ion 


Papilloma 
virus 


E2 


Knight, et al . , PNAS 88:3204-3208 
(1991); Li, et al.,.Cell 65:493-505 
(1991) . 


Herpes 

Simplex Virus 


UL9 


Koff, et al., J. Virol. 65:3284-3292 
(1991) . 


Adenovirus 


pTP 


Robinson, et al., Virology 56:54-69 
(1973) . 



[0041] Each of these proteins has been shown to loop DNAs 

to which it binds. UL9 is required for herpes simplex 
virus (HSV) replication in cells. E2 is required for 
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[0042] 



[0043] 



[0044] 



human papilloma virus replication in cells and also 
activates viral transcription. 

To practice the method of the present invention, one 
would first develop inhibitors of viral DNA 
looping/linking proteins, such as E2, UL9 and pTP, by 
methods described below in the Examples. This method 
would allow one to map particular linking domains and to 
develop specific inhibitors that would block association 
at these domains. 

With this information in hand, one could then 
deliver the inhibitor to an infected patient, as 
described above. 

4 . Inhibition of Other Proteins with Looping/Linking 
Activity 

Table 2 lists other proteins with looping/linking 
activity: 

TABLE 2 



Protein 


Referenced Description 


Spl 


Su, et al.. Gene. & Dev. 5:820-826 (1991); Li, et 

al . , Cell 65:493-505 (1991). Mammalian transcription 

factor . 


NtrC 


Schleif, R., et al . , Ann. Rev. Biochem. 61:199-223 
(1992). Bacterial transcription factor. 


n 


Schleif, R., et al . , Ann. Rev. Biochem. 61:199-223 
(1992). Replication initiator protein of the 
bacterial plasmid R6K. 


Pit-1 


Cullen, et al . , Science 261:203-206 (1993). 
Mammalian transcription factor. 



[0045] One could use the method of the present invention to 

modulate the looping/linking activity of other cellular 
proteins, most preferably those listed above in Table 2. 
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5 . Identification of Viral Replication and 
Transcription Inhibitors 

[0046] In one embodiment, the present invention is a method 

of screening prospective viral replication inhibitors and 
viral transcription inhibitors. The method would 
determine whether a candidate molecule could inhibit the 
viral looping/linking factor, as demonstrated by the 
factor being unable to mediate DNA linking in the 
presence of a candidate molecule. 

[0047] In a preferred embodiment, one would add a candidate 

molecule to a mammalian cell culture, wherein the cell 
culture comprises a viral looping/linking factor. One 
provides a control mammalian cell culture, also 
comprising a viral looping/linking factor, one allows the 
candidate molecule to interact with the viral 
looping/linking factor present in the mammalian cell 
culture. One then analyzes the factor for inhibition by 
the candidate molecule, and then compares the results 
using the control culture, wherein the candidate molecule 
inhibits protein : protein linking as demonstrated by the 
factor being unable to mediate DNA linking in the 
presence of the candidate molecule. 

[0048] Applicants have described below one example of a 

system of plasmids designed to determine whether a 
candidate molecule could inhibit the viral 
looping/linking factor. Of course, other suitable 
promoters and markers would be apparent to one of skill 
in the art of molecular biology. 
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[0049] One such assay would use DNA-linking to loop out 

intervening DNA between two distant binding sites for 
EBNA-1 such that juxtaposition of those sites would bring 
a transcriptional activator adjacent to a promoter. DNA- 
linking would activate transcription which would be 
monitored by a surrogate such as luciferase activity. 
Small molecules that inhibit DNA-linking would score in 
this assay by decreasing the measured luciferase 
activity . 

[0050] The concentrations of small molecules which are 

candidates for inhibitors of DNA-linking would be varied 
in these cell-based assays because their affinities for 
EBNA-1 ' s linking domains cannot be known a priori. 
However, one instructive starting point for the 
concentrations to be tested can be gleaned from the 
measured inhibitory constants of peptides consisting of 
either of EBNA-1 ' s linking regions needed to inhibit 
linking to EBNA-1 in vitro. The Ki (concentration needed 
for 50% inhibition) for these two peptides for linking by 
one studied derivative of EBNA-1 has been measured to be 
30-50 nanomolar (Mackey and Sugden, CL_ Biol . Chem. 
272:29873-29879, 1997). This measurement indicates that 
the concentrations of small molecules to be tested in a 
cell-based assay for DNA-linking should range between 10~ 6 
and 10" 8 molar. 

[0051] For example, to identify molecules that inhibit 

linking mediated by EBNA-1 , a plasmid encoding ranilla 
luciferase driven by a minimal thymidine kinase promoter 
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could be constructed. Upstream of the promoter could be 
placed two binding sites for EBNA-1, then ten kilobase 
pairs of lambda phage DNA, then two binding sites for 
EBNA-1, and then eight binding sites for the Gal4 yeast 
DNA-binding protein. The remainder of the plasmid could 
contain the (3 lactamase gene, the Colicon El origin of 
replication, and a puromycin resistance gene expressed 
from an SV40 early promoter followed by an SV40 
polyadenylation signal. 

[0052] This DNA could be linearized within the (3 lactamase 

gene, introduced into 293 cells by transfection using 
calcium phosphate and the cells selected with 1 microgram 
per ml of puromycin. After 14 days of selection, 
resistant cells could be isolated, expanded to 10 7 cells, 
and screened by Southern blotting for those clones in 
which the transfected DNA has been integrated as an 
intact, linear molecule. 

[0053] The resulting clones (termed "parental test clones") 

could then be screened to identify the "ultimate test 
clone" as follows: The parental test clones will be 
transfected via calcium phosphate first with a plasmid 
expressing a fusion protein consisting of the Gal4 DNA- 
binding domain fused to the herpes simplex type 1 VP16 
transactivation domain. Clones that show a minimal 
increase of luciferase activity 48 hours later (less than 
two-fold) could be studied further. Those clones to be 
studied further could then be transfected with a plasmid 
expressing the Gal4-VP16 fusion protein and one 
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expressing EBNA-1. Those transfected clones which show 
an increase in luciferase activity of at least ten-fold 
48 hours later than that induced by expression of the 
Gal4-VP16 fusion protein alone will be studied further. 
They will be transfected with a plasmid expressing a 
derivative of EBNA-1 containing its DNA-binding domain 
fused to the transactivation domain of VP16. 

[0054] Cells in which luciferase activity is induced ten- 

fold or greater 48 hours later by virtue of EBNA-1 ' s DNA- 
binding domain tethering the activation domain of VP16 
immediately upstream of the thymidine kinase promoter 
will be studied further. The clone that responds most 
efficiently in luciferase activity to co-expression of 
Gal4-VP16 plus EBNA-1 relative to co-expression of Gal4- 
VP16 plus the derivative of EBNA-1 lacking linking 
domains would be used further and termed the "ultimate 
test clone (UTC) ." 

[0055] To identify compounds that inhibit linking 

specifically, one set of UTC cells could be transfected 
with expression vectors for Gal4-VP16 plus EBNA-1 (Set 1) 
and another set with the expression vector for the EBNA-1 
DNA-binding domain fused to Gal4-VP16 (Set 2) . These 
cells will be plated into 96 well plates at 10 4 cells per 
well. Twenty-four hours later they would be transfected 
with a range (1 ng to 50ug) of a plasmid in which linking 
region 1 of EBNA-1 is expressed from the human CMV 
immediate early promoter (test plasmid) . The level of 
expression vector which reduced the renilla luciferase 
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(the substrate can be added to live cells) activity by 
50% or more in Set 1 without affecting the luciferase 
activity in Set 2 would preferably be used in subsequent 
experiments. Experiments in Set 2 control for any non- 
specific toxicity resulting from transfected DNA or 
treatment with other compounds to be tested. 
[0056] To identify the smallest peptide capable of 

inhibiting linking, the insert in the test plasmid will 
be systematically shortened, one coding triplet per step, 
independently from the amino and carboxy termini of 
linking region 1. This family of plasmids will be tested 
in UTC cells as described above for intact linking region 
1. The identification of the smallest domain within 
linking region 1 that inhibits linking with UTC cells 
specifically will enable modeling of peptidomimetic 
compounds to be added extracellularly to inhibit linking 
by EBNA-1 within cells. Such lead compounds will be 
tested in the UTC cells in treated Set 1 and Set 2 
experiments . 

[0057] Once one has created the appropriate UTC cells, one 

would then be able to expose the UTC cells to test 
compounds and measure DNA linking, preferably as 
described in the Examples. 

EXAMPLES 

DNAs 

[0058] Two DNAs used as probes in this study were generated 

by endonuclease digestion of cloned DNAs. That with two 
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EBNAl-binding sites is the 131 bp, Sail to PstI fragment 
derived from p880 (30); and that with five GAL4-binding 
sites is the 109 bp, HinDIII to Xbal fragment derived 
from G5BCAT (31) . DNA fragments were purified from 
agarose gels. They were quantified by making serial 
dilutions in the presence of ethidium bromide (0.5 ug/mL) 
and comparing their intensities, when exposed to 
ultraviolet light, to that of similar dilutions of a 
standard DNA. This method distinguishes less than two- 
fold differences in DNA concentrations. These DNAs were 

labeled with the Klenow fragment of DNA Polymerase 1 in 

32 

the presence of dATP, dGTP, dTTP, and P a-dCTP 
(Amersham) , and precipitated three times to remove 
unincorporated label (32). 
Proteins 

[0059] The derivatives of EBNA1 (bEBNAl, NA360, NA389) and 

the GAL 4 derivatives (GAL4(l-94), GAL4 (1-94) &54-89, 
GAL4 (1-94) &331-361, GAL4 ( 1-94 ) &372-3 91 ) used in this 
study were all produced and purified as previously 
described (28) . Briefly, bEBNAl lacks amino acids 2 
through 7 and all but fifteen amino acids of the gly-gly- 
ala repeats and was expressed in SF21 cells (23) . NA360 
and NA389 lack the first 360 and 389 amino acids, 
respectively, and were expressed in E. coli. GAL4(l-94) 
contains amino acids 1 to 94 of the yeast transactivator 
GAL4 plus eight carboxy-terminal amino acids coded by the 
poly-cloning region. The fusions designated GAL4(1- 
94)&#-# contain the indicated residues from EBNA1 cloned 
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in frame into the poly-cloning region. All derivatives 
and fragments of EBNA1 were derived from the B95-8 viral 
strain (33, 15) . 
[0060] A. A. 40-89 and A. A. 331-391 were generated by 

amplifying the fragment of EBNAl encoding those amino 
acids with PCR primers containing Sail and Xbal sites at 
the 5' ends. Cloning of these fragments into the Sail 
and Xbal sites of pET-23b+ (Novagen) resulted in fusions 
encoding an epitope (T7»Tag, Novagen) , the EBNAl amino 
acids, and 6 histidines. The sequence of both clones was 
verified using an ABI Prism automated sequencer (Applied 
BioSystems) . Expression of the fusion proteins in BL21 
bacteria containing a DE3 lysogen and carrying pLysS was 
done as previously described (28) . Purification using 
Ni 2+ -NTA agarose (Qiagen) followed standard protocols (The 
QIAexpressionist, Qiagen) . Following elution of A. A. 40- 
89 and A. A. 331-391 in 500 and 150 mM imidazole, 
respectively, the peptides were dialyzed into a buffer 
containing 50 mM Tris (pH 7.5), 2 . 5 mM EDTA, and 0.3 M 
NaCl. 

Electrophoretic Mobility Shift Assays 
[0061] Gel shift assays were done as previously described 

(28) . All reactions contained 20 mM N-2- 
hydroxyethylpiperazine-W -2-ethanesulf onic acid (HEPES; 
pH 7.6), 2 mM EDTA, 10% glycerol, 0.1% Nonidet P-40, and 
0.3 M NaCl . Proteins were mixed in volume of 15 ul . The 
labeled DNA and 3 ug of poly (dl ) «poly (dC) (Pharmacia) in 8 
ul were added with mixing. The reactions were then 

-1 9- 

1 - J MKE:5021254.1 



incubated 30-45 minutes at room temperature. Reactions 
were separated by electrophoresis at 15-25 mA through a 
4% polyacrylamide gel in 0 . 5X TBE (45 mM Tris-borate and 
1 mM EDTA) . Gels were dried on 3 MM chromatography paper 
(Whatman) at 80°C for 1 hour and then exposed to 
phosphorimager screens. The percentage of DNA linked is 
determined by dividing the amount of linked DNA by the 
total amount of DNA in the lane. 
Results 

[0062] Effect of linking domains on the efficiency of DNA- 

linking - DNA-linking by EBNA1 is inhibited at increasing 
concentrations of EBNA1 (28). Fusions of the DNA-binding 
domain of GAL 4 and individual linking domains of EBNA1 
also link DNAs containing GAL4-binding sites less 
efficiently as their concentration is increased beyond 
that required to yield maximal linking. We tested 
whether each type of linking protein could inhibit 
linking by the other type. Fig. 1 is a schematic 
representation of EBNA1 and its derivatives used in this 
study. EBNA1 from the prototypical B95-8 viral strain is 
depicted at top. The plus signs (+) and minus signs (-) 
represent regions rich in basic and acidic residues, 
respectively. The gly-gly-ala repeats extend from 
position 90 to 328 and contain exclusively glycines and 
alanines. Shaded boxes indicate the portion of EBNA1 
required for dimerization and DNA-binding and the 
positions of the three identified DNA-linking domains. 
Below, portions of EBNA1 used in this study are 
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positioned such that the EBNA1 sequences (unfilled bars) 
are aligned with their corresponding sequence in full- 
length EBNAl. bEBNAl starts with a methionine followed 
by amino acid 8 and contains 15 amino acids of the gly- 
gly-ala repeats. NA360 and NA389 have a methionine 
followed by amino acids 361 and 3 90 to the carboxy- 
terminus, respectively. The diagonally striped bars 
represent amino acids 1 to 94 of GAL 4 . A. A. 40-89 and 
A. A. 331-391 each have an epitope tag at the amino- 
terminus and 6 histidines at the carboxy-terminus . 
[0063] Fig. 2A and B are bar graphs demonstrating that 

inhibition of DNA-linking is mediated by linking domains. 
The ability of GAL4 (1-94) &54-89 (Fig. 1) to link DNAs 
containing five GAL4-binding sites was tested in the 
absence of any competitor and in the presence of a 2.5- 
fold molar excess of three derivatives of EBNAl (Fig. 1) . 
EBNAl-derivatives which can link DNA inhibit linking by 
GAL4 (1-94) &54-89, those which cannot link DNA do not 
inhibit linking by GAL 4 (1-94) & 5 4 - 8 9 . Similarly, DNA- 
linking by EBNAl is only inhibited by derivatives of GAL 4 
fused to linking domains. GAL4(l-94) does not inhibit 
linking by NA360, derivatives of GAL4(l-94) fused to 
three separate linking domains of EBNAl can inhibit 
linking by NA360. Fig. 2A: 10 fmols of a DNA with five 
GAL4-binding sites were combined with 400 fmols of dimers 
of GAL4 (1-94) &S4-89 and 1000 fmols of dimers of the 
indicated competitor. In one experiment the reactions 
contained 10 fmols of an unlabelled DNA containing 10 
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EBNAl binding sites. The presence of this DNA makes no 
detectable difference. Fig. 2B: 20 fmols of a DNA with 
two EBNAl-binding sites were combined with 150 fmols of 
dimers of NA360 and 675 fmols of diraers of the indicated 
derivatives of GAL 4 . For both Fig. 2A and B the 
reactions were manipulated and analyzed to determine the 
percentage of maximum DNA linked as in Fig. 3. The 
amount of DNA linked in the absence of competitor protein 
is set to 100% and was 15% for NA360 and 22% for GAL4 (1- 
94)&54-89. The percentage linked of this maximum is 
shown for the various competitors. The standard 
deviations are from two separate experiments. 
[0064] Derivatives of EBNA1 which contain linking domains, 

bEBNAl and NA360, inhibited linking by the GAL 4 (1-94) + 
54-89 (Fig. 2A) . NA389 , which cannot link DNA, failed 
to inhibit linking by the fusion protein (Fig. 2A) . The 
converse experiment was also conducted (Fig. 2B) . The 
ability of NA360 to link DNAs containing two EBNAl- 
binding sites was tested in the absence of any competitor 
and in the presence of a 4.5-fold molar excess of four 
GAL4-derivatives (Fig. 1) . Derivatives of GAL 4 fused to 
linking domains of EBNA1, GAL4 (1-94) &54-89, GAL4(1- 
94)&331-361, and GAL4 (1-94 ) &372-391, inhibited linking by 
NA360. Unfused GAL4(l-94) did not inhibit linking by 
NA360. In these experiments there was a direct 
correlation between proteins that can inhibit DNA-linking 
and proteins that contain DNA-linking domains. 
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[0065] Effect of peptides containing linking domains on 

DNA-linking by EBNA1 - The observation that proteins 
with linking domains could inhibit DNA-linking led us to 
test whether linking domains alone would be sufficient to 
inhibit DNA-linking by EBNA1 . For most experiments 
NA360, which contains only one linking domain, was 
studied to facilitate detection of inhibition of linking. 
Two DNAs encoding fragments of EBNA1 (residues 4 0-8 9 and 
331-391, Fig. 1) were cloned into plasmids allowing 
efficient protein expression in bacteria. These 
fragments include all the amino acids from EBNA1 which 
are likely to contribute to DNA-linking (28, 34) . The 
fragments of EBNA1 are fused at their amino-terminus to 
an epitope and at their carboxy-terminus to 6 consecutive 
histidines. The epitope allowed identification of the 
desired peptides, and the 6-His tag facilitated their 
purification. Both peptides (A. A. 40-89 and A. A. 331- 
391) were purified to near homogeneity and tested for 
their ability to inhibit DNA-linking. 

[0066] A. A. 40-89 and A. A. 331-391 can each inhibit DNA- 

linking. Fig. 3A, B and C demonstrate that fragments of 
EBNA1 which contain linking domains can inhibit DNA- 
linking by NA360. The concentrations of the peptides 
required to inhibit DNA-linking are significantly lower 
than the concentrations at which the peptides bind to 
DNA. Fig. 3A: 20 fmols of a DNA with two EBNAl-binding 
sites were combined with the indicated concentrations of 
dimers of NA360 and A. A. 331-391 prior to separation by 
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electrophoresis through a 4% polyacrylamide gel. Linked 
DNA is incorporated into complexes too large to migrate 
significantly into the gel. The positions of linked DNA, 
unbound DNA, and DNA with one and two sites occupied by 
NA360 (1 and 2, respectively) are indicated. 
Phosphorimage analysis was used to calculate the 
percentage of linked DNA by dividing the amount of linked 
DNA by the total DNA in each lane, and this percentage is 
displayed at bottom. The percentage bound is the 
fraction of the total DNA in the lane which is shifted 
above the bracket for unbound DNA. Figs. 3B and 3C: 
Graphical representations of the ability of A. A. 331-391 
(B) and A. A. 40-89 (C) to inhibit linking by 6.5 nM of 
dimers of NA360 and to bind to DNA in the absence of 
NA360. The concentrations of A. A. 331-391 and A. A. 40-89 
required to reduce linking to 50% of that in the absence 
of competitor are 2% and 1% of the concentration of each 
required to bind 50% of the DNA, respectively. The 
standard deviations are from three separate experiments. 
[0067] The efficiency with which NA360, a derivative of 

EBNA1 with only one linking domain, links DNAs containing 
two EBNAl-binding sites was measured in the presence of a 
range of concentrations of A. A. 331-391 (Fig. 3A) . The 
same range of concentrations of A. A. 331-391 was also 
tested in the absence of NA360. A. A. 331-391 can both 
inhibit NA360-mediated DNA-linking and, because of its 
high positive charge, bind to DNA. However, its 
inhibition of linking occurred at a significantly lower 
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concentration than did its DNA-binding. Similar 
experiments were conducted for A. A. 40-89 and the results 
for A. A. 331-391 and A. A. 40-89 are represented 
graphically in Fig. 3B and 3C, respectively. The 
concentration of each peptide which reduced linking to 
50% of that in the absence of competitor (KJ was 
significantly less than the concentration which bound 50% 
of the DNA. These concentrations differ by 50 and 100- 
fold for A. A. 331-391 and A. A. 40-89, respectively. 
These experiments demonstrate that A. A. 331-391 and A. A. 
40-89 can inhibit linking independently of their ability 
to bind to DNA. Even high concentrations of the 
peptides, which bind DNA detectably in gel shift assays, 
do not displace NA360 bound specifically to the probe DNA 
(Fig. 3A and data not shown). 
[0068] The inhibition of linking mediated by A. A. 331-391 

and A. A. 40-89 is specific. The peptides are quite basic 
(Fig. 1) . A. A. 331-391 contains 21 basic residues and 6 
acidic residues giving it a predicted net charge of +15 
at neutral pH. A. A. 40-89 has 14 basic and 4 acidic 
residues for a predicted net charge of +10 at neutral pH. 
To test whether non-specific effects of these charges 
were solely responsible for the ability of A. A. 331-391 
and A. A. 40-89 to inhibit DNA-linking we sought a control 
peptide with a similar charge per molecule. Poly-Lysine 
(polyK, Sigma) with a mass distribution of 1000 to 4000 
Daltons (Da) can be estimated to have an average mass of 
2500 Da and an average charge per molecule of +16 at 
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neutral pH. The ability of polyK, RNase A, and BSA to 
inhibit linking of DNAs containing two EBNAl-binding 
sites by NA360, a derivative of EBNA1 with one linking 
domain, was determined (Table 3) . The concentration of 
polyK required to inhibit linking was less than that of 
BSA or RNase A. PolyK, however, was less effective than 
A. A. 331-391 and A. A. 40-89 at inhibiting linking of DNAs 
containing two binding sites by NA360. The K ± of polyK 
was 35 and 60-fold greater than that for A. A. 40-89 and 
A. A. 331-391, respectively (Table 3) . These experiments 
demonstrate that the inhibition of DNA-linking by A. A. 
331-391 and A. A. 40-89 is not mediated by their charge 
alone . 



TABLE 3 : Inhibition by various competitors of DNA- 
linking mediated by NA360 and bEBNAl* 



Competitor 


K L against 
NA360 (nM) 


K x against 
bEBNAl (nM) 


A. A. 40-89 


55 


7, 600 


A. A 331-391 


30 


3,300 


poly-Lysine 


1, 900 


11, 000 


Rnase A 


30, 000 


>42, 000 


BSA 


>8, 800 


>8, 800 



a The ability of 6.5 nM of dimers of either NA3 60 or bEBNAl to link 
20 fmols of a DNA with two EBNAl-binding sites was measured in the 
absence of competitor as well as in the presence of a range of 
concentrations of the indicated competitors. The concentration of 
competitor which inhibits linking to 50% of that in its absence (KJ 
was determined. The highest concentrations of RnaseA and BSA 
tested were 42,000 and 8,800 nM, respectively. 

[0069] Linking of DNAs containing two EBNAl-binding sites 

by bEBNAl is more resistant to competition than is 
linking by NA360. bEBNAl, which has all three linking 
domains, links DNAs containing two EBNAl-binding sites 
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almost twice as efficiently as does NA360, which has only- 
one linking domain (28). Linking of DNAs containing two 
EBNAl-binding sites by bEBNAl was inhibited by A. A. 4 0-8 9 
and A. A. 331-391 (Table 3) . The KiS of A. A. 40-89 and 
A. A. 331-391 for linking by bEBNAl were respectively 140- 
and 110-fold higher than for linking by NA360. Even at 
the highest concentrations tested, the peptides did not 
displace bEBNAl from binding site-specifically to the 
labeled DNA (data not shown) . Inhibition of DNA-linking 
by the peptides therefore does not result from a 
competition for DNA-binding. The linked complexes formed 
by bEBNAl and the two binding site DNA were also 6-fold 
more resistant to polyK than similar complexes formed by 
NA3 60 (Table 3) . bEBNAl-mediated linking of DNAs with 
two binding sites was insensitive to RNase A and BSA in 
the range of concentrations tested (Table 3) . 
Discussion 

[0070] We have used gel shift assays to study the mechanism 

of DNA-linking by EBNA1 and its derivative NA360. We had 
shown previously that EBNA1 in excess of that required to 
bind all the EBNAl-binding sites in a reaction inhibited 
linking in that reaction (28) . Competition by excess 
EBNA1 could be detected in the presence of a 40-fold 
excess of competitor DNA fragments. The competing 
protein was in excess relative to the DNA-bound protein, 
but not relative to the competing DNA. This finding 
indicated that protein : protein interactions could mediate 
DNA-linking. The competition was hypothesized to be 
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mediated by the linking domains of proteins not bound to 
DNA interacting with the linking domains of proteins 
bound to DNA, thereby disrupting links between DNA-bound 
proteins. One prediction of this hypothesis is that only 
proteins with linking domains would compete with DNA- 
linking. An extension of this proposal is that linking 
domains alone would compete with DNA-linking. 
[0071] These predictions have been tested and confirmed. 

Only proteins which contained linking domains could 
inhibit DNA-linking when provided in excess (Fig. 2) . 
DNA-linking by GAL 4 (1-94) & 5 4 - 8 9 could be inhibited by 
bEBNAl and NA360, but not by NA389. DNA-linking by NA360 
could be inhibited by GAL 4 (1-94) &54-89, GAL4 ( 1-94 ) &331- 
361, and GAL4 ( 1-94 ) &372-3 91 , but not by GAL4(l-94). 
Because proteins with DNA-linking domains inhibit linking 
and derivatives without linking domains do not inhibit 
linking, it is likely that the linking domains themselves 
are mediating this inhibition. Proteins competed 
similarly whether they contained the same or different 
linking domain (s) than that of the protein with which 
they were competing. bEBNAl, which contains amino acids 
54 to 89, and NA360, which lacks amino acids 54 to 89, 
could compete similarly for linking by GAL4 (1-94) &54-89 
(Fig. 2A) . GAL 4 fused to linking domains of EBNA1 
competed equally well with DNA-linking by NA360 whether 
the fusion contained the same or a different linking 
domain than found in NA360 (Fig. 2B) . These observations 
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indicate that EBNA1 ' s linking domains can interact 
heterotypically with one another. 

[0072] Two peptides (A. A. 40-89 and A. A. 331-391, Fig. 1) 

which together contain all three of the identified 
linking domains inhibit DNA-linking by EBNA1 . Each of 
these peptides can also bind non-specif ically to DNA. 
The percentage of a DNA with two EBNAl-binding sites 
linked by NA360 could be halved by a 5-fold excess of 
A. A. 331-391 relative to NA360 (Fig. 3A and 3B) . At this 
concentration of A. A. 331-391 (30 nM) , the 
poly (dl) «poly (dC) used as a competitor DNA was present in 
greater than 10-fold molar excess. Similarly, A. A. 40-89 
could mediate a 50% inhibition of linking at 55 nM. The 
peptides can efficiently inhibit linking at 
concentrations within 10-fold of the concentration of 
NA360 - peptide concentrations far less than that of the 
competitor DNA. These results indicate that inhibition 
of linking by the peptides is mediated by interactions 
with NA360 rather than nucleic acids. 

[0073] We compared the ability of control proteins (BSA, 

RNase A and polyK) to inhibit DNA-linking by NA360 (Table 
3) . The ability of NA360 to link DNAs containing two 
EBNAl-binding sites was reduced only to 80% by 8.8 uM 
BSA. Linking could be inhibited to 50% by 30 uM RNase A. 
Approximately 1000-fold more RNase A than A. A. 331-391 
was required to reduce linking by 50%. A. A. 40-89 and 
A. A. 331-391 each are basic peptides with predicted net 
charges of +10 and +15 at neutral pH, respectively. The 
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ability of polyK with a similar charge per peptide to 
compete with linking mediated by NA360 was significantly 
greater than BSA or RNase A, but significantly less than 
A. A. 40-89 or A. A. 331-391 (Table 3) . Linking could be 
inhibited to 50% by 1.9 uM polyK, a 35 or 60-fold higher 
concentration than that required for similar inhibition 
by A. A. 40-89 or A. A. 331-391, respectively. This result 
demonstrates that the inhibition of NA360-mediated DNA- 
linking by A. A. 40-89 and A. A. 331-391 may be mediated in 
part by nonspecific affects of their charge, but specific 
affects of their sequence or structure also contribute to 
their inhibitory activity. 
[0074] The efficiency with which DNAs are linked by EBNA1 

likely reflects the valency of the complexes formed by 
the DNA and EBNA1 . NA360, which has one of three linking 
domains of EBNA1 , links greater than 95% of DNAs with ten 
EBNAl-binding sites (28), but only 12% of DNAs with two 
EBNAl-binding sites (Fig. 3) . A. A. 331-391 competes for 
linking by NA360 of the ten binding site DNA 
approximately 0.3% as effectively as for linking of the 
two binding site DNA (data not shown) . bEBNAl, which has 
all three linking domains, links DNAs containing two 
EBNAl-binding sites approximately twice as efficiently as 
NA360. A. A. 40-89 and A. A. 331-391 compete approximately 
1% as effectively with linking of a DNA with two binding 
sites by bEBNAl as they do for linking of it by NA360 
(Table 3) . The greater valency of contacts between 
linking domains within efficiently linked complexes 
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presumably underlies the greater resistance of these 
complexes to being dissolved by peptides containing 
linking domains. The estimated concentration of EBNA1 in 
a nucleus with a five micron diameter is one millimolar 
(35) . Assuming looping of oriP is important for EBNA1- 
dependent activities of oriP, the large number of EBNA1- 
binding sites in FR may be necessary to stabilize looping 
to DS in the presence of such high concentrations of 
EBNA1 . 

[0075] Observations described in the introduction support 

the assertion that DNA-linking contributes to the 
activation of transcription and replication by EBNA1 . 
That EBNA1 is likely to link DNA in vivo at oriP also 
supports this contention. Evidence for linking in vivo 
is indirect but strong. The length of oriP (1.8 kbp or 
0.6 urn for B-form DNA) dictates that both FR and DS, and 
the EBNA1 bound to them, are confined to a maximum volume 
of approximately 0.1 femtoliters. Therefore, the 
concentration of EBNAl-binding sites at oriP is minimally 
300 nM. EBNA1 occupies all of its binding sites at oriP 
for at least the majority of the cell cycle (36) . In 
vitro, DNAs bound by EBNA1 are linked at concentrations 
far less than 300 nM. In Fig. 4, lane 4, 7 fmols of DNA 
is bound by EBNA1 ; therefore, the maximum concentration 
of occupied EBNAl-binding sites is 0.6 nM, and linking is 
readily detected. Because the concentration of binding 
sites at oriP is approximately 500-fold higher, linking 
likely occurs in vivo. 
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[0076] Interactions between linking domains are mediated by 

specific sequences or structures of the linking domains. 
It is a distinct possibility that specific interactions 
between the linking domains of EBNA1 and other proteins 
also occur. Twenty amino acids of EBNA1 are sufficient 
to inhibit specifically linking of DNA by EBNA1 (GAL4(1- 
94)&372-391, Fig. 2). Smaller molecules may also be 
effective inhibitors of linking domain interactions. EBV 
is associated with many diseases including several 
malignancies. In all of these diseases EBNA1 is 
expressed in infected cells and sometimes only EBNA1 is 
expressed. Therefore, small molecules which inhibit 
EBNAl's functions, such as DNA-linking, would be 
clinically useful. 
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